The charge percolation mechanism (CPM) of olefin polymerization in the presence of transition metal compounds has been applied to explain the polymerization of ethylene by silica supported chromium oxide. In the previous work of this series, the fundamental issues and mechanism of this polymerization were presented. In this work the compatibility of the CPM with the empirical findings is confirmed. The CPM has been applied to explain: the appearance of an induction period; the deactivation of active centers and the formation of oligomers; the effects of chromium concentration on the silica surface, the silica surface discontinuity and the pore size of silica on polymerization and the formation of the structure of polyethylene. A mathematical model has been derived to explain the effects of the CrO x /SiO 2 ratio on the productivity of Phillips catalysts in the polymerization of ethylene. The empirical findings have also been confirmed by computer simulations.
INTRODUCTION
Despite the fact that ethylene polymerization by silica supported chromium oxide was discovered some fifty years ago 1 and has attracted a great deal of academic and industrial research, there are still many open questions concerning: (1) the oxidation state of an active center, (2) the mechanisms of initiation, (3) the mechanism of polymerization, (4) the physico-chemical state of Cr species at the silica, (5) the polymerization kinetics, particularly the occasional appearance of an induction period, (6) the origin of the structure and very broad molecular
In the previous work, 2 using this mechanism, the answers to questions (1) to (4) cited above were given. The aim of this article is to show that the CPM is compatible with the empirical findings and to give the answers to the remaining questions (5) to (7) listed above. The origins of the induction period, as well as the effects of the distribution of Cr on the silica support on the productivities of Cr and silica are presented.
COMPATIBILITY OF THE CPM WITH EMPIRICAL FINDINGS

Induction period
An induction period has been noticed in some cases, i.e., when the ethylene and the activated CrO x /SiO 2 came into contact, the polymerization did not commence immediately or it started very slowly and increased with time. 3 For example, Cr(VI) oxide/silica is not immediately active after being charged into the reaction medium which had previously been saturated by ethylene. 4, 5 An induction time up to 80 min has been reported and then the rate of polymerization gradually increased during the run. It was explained that the induction time was probably due to the slow reduction of Cr(VI) by ethylene to an active lower valence species and the increase in rate due to the slow alkylation step. On the contrary, if Cr(II)/SiO 2 , obtained by the reduction of Cr(VI) by CO, is brought to contact with ethylene, the polymerization commences almost immediately. 6, 7 Also, organochromium(II) catalysts come on stream immediately, because they are already reduced and alkylated.
These empirical findings are quite compatible with the CPM which requires Cr(IV)-Cr(II) ensembles to be present on the silica. The transformation Cr(VI) → → Cr(IV) →Cr(II) by ethylene is a slow process performed initially by the partially breaking of two C=O bonds and one C=C bond, followed by the complete breaking of the two remaining C−O bonds and one C−C bond ( Fig. 1 in Ref. 2 ).
In the case of CO pre-reduced Cr precursors, the coordination of ethylene molecules with the pre-formed Cr(II) ions, their alkylation and oxidation (ethylene + Cr(II) → R−Cr(IV)) are fast processes since only one C=C bond has to be partially broken to a C−C bond (Fig. 2 in Ref. 2) . Furthermore, the initial surface concentration of Cr(II) ions is high and the average distance between the residual Cr(II) ions and the just formed R−Cr(IV) ions is low. A small amount of ethylene has to be adsorbed to produce Cr(IV) ions and to build a monomer bridge between the just formed Cr(IV) ions and the surrounding residual Cr(II) ions. Hence, the polymerization commences without an induction period, even if the silica coverage by ethylene is low.
According to the CPM, the sequence of the appearance of the percolation participants on the support has a great effect on the polymerization. 8 In the case of Cr(VI) precursors, almost complete silica coverage by ethylene has to be achieved before the Cr(II)−Cr(IV) ensembles are formed and the polymerization begins. This sequence can be classified as an SMA, i.e., support + monomer monolayer formation + active centers ensemble formation. The sequence in the case of CO reduced precursors can be classified as an SAM, i.e., support + active centers formation + monomer monolayer formation.
The entropy of adsorbed ethylene decreases with increasing coverage, achieving a minimum value at full coverage. 9 It can be concluded that the higher the entropy of adsorbed ethylene, the shorter is the induction time. Exactly the same effect of ethylene entropy on the induction time has been confirmed in the case of high pressure, free radical polymerization of ethylene. 10 Furthermore, it is a general rule in the theory of organized monomer polymerization, proposed by Kargin and Kabanov, 11 that the induction time increases with increasing monomer organization.
Deactivation of active centers and formation of oligomers
According to the CPM, Cr(II) is an electron donor (D) and Cr(IV) is an electron acceptor (A). They are immobilized and separated on the support (Fig. 1a) . Monomer molecules are gradually adsorbed making a bridge between A and D (Fig. 1b) . No polymer is formed until the bridge between some A and D is completed. A critical moment appears when the last monomer is adsorbed, thus completing the bridge (at site P, Fig. 1c ). Such processes are analyzed by the theory of critical phenomena, particularly by the percolation theory. 12 According to the CPM, the very first bridges have to be formed between an A and D which are situated close to each other on the support surface ( Fig. 1a-c) . Subsequently, more separated A and D sites will be included in the process (Fig. 1d) . Consequently, oligomers with a low degree of polymerization (X n ) will be obtained initially, but X n should increase with increasing polymerization time. 8, 13 Simultaneously, the number of active centers (A and D) remaining on the support should decrease. Experimental data 14 confirmed such predictions of the CPM (Fig. 2, left) .
The described processes were computer simulated using the Monte-Carlo method. 13 Two dimensional percolation processes were simulated. (The computer simulation of ZN polymerization by the CPM is explained elsewhere. 8, 15 ) In the simulation, the Cr(II) and Cr(IV) ions (160000 each) were initially randomly distributed over a part of the support containing 16×10 6 adsorption sites arranged in a hexagonal lattice. Then, ethylene was introduced which gradually and randomly adsorbed on the empty sites. The Cr(II) and Cr(IV) ions were surrounded by growing monomer clusters at the surface. Occasionally, a monomer bridge connects some Cr(II) ion with some Cr(IV) ion. According to the CPM, both ions are transformed to Cr(III) and deactivated. Simultaneously, the monomer molecules of the bridge polymerize and detach from the support. The simulation enables the effects of the quantity of ethylene molecules added to the silica on the change of degree of polymerization and the number of active centers, i.e., Cr(II) and Cr(IV), remaining on the silica to be observed The results of the computer simulation based on the CPM have the same trends as the experimental data ( Fig. 2, right) . (The numbers of Cr ions and adsorption sites used in the simulations were high enough for reproducible simulations. They were, however, too low in comparison with the real values, since one gram-atom of Cr has 6.023×10 23 atoms and one gram of silica has several hundreds of square meters, i.e., ≈ 10 20 adsorption sites for ethylene molecules. Hence, the results of simulation can show only the trends of the various effects but not the real values.) 
Effects of chromium concentration on the silica surface on the polymerization activity
The distance between Cr atoms on the silica is in relation to its surface concentration (Fig. 3) . Hogan calculated that the distance between the Cr ions decreased from 16 to 0.65 nm with increasing Cr loading from 0.01 to 6.0 wt. % on a silica having a surface area of 300 m 2 g -1 (Table 5 in The productivity of such a catalyst in ethylene polymerization was experimentally determined and presented as chromium productivity (P Cr ) and support productivity (P S ), i.e., the quantity of polyethylene produced per unit of Cr and per unit of support, respectively. It was found experimentally that P Cr decreased but P S increased with increasing content of Cr in the SiO 2 (Fig. 4, top) . 16 Hogan explained that P Mt decreased since there was a competition for monomer insertion between two Cr ions if the distance between them was very small. These experiments, however, can be better explained and predicted by the CPM. It is known 14, 18, 20 that only a small fraction (f) of loaded Cr 0 become an active center, i.e., f = Cr activated /Cr 0 = 0.001 − 0.004. According to Relations (1-3) , the average distance between the active centers (L a ), i.e., Cr(II) and Cr(IV), is given by Relation (4):
The polyethylene yield (g PE per g catalyst) is given by:
where n p is the number of polyethylene chains per one gram of catalyst; X n the average degree of polymerization, i.e., the average number of ethylene molecules per one polymer chain; M Et is the molecular mass of ethylene (28 g mol -1 ). Fig. 4 . Chromium (♦) and silica (■) productivities; top -experimental data, 16 middle -calculated by Eqs. (10-11) using K = 10000 (arbitrary value) and bottom -computer simulation (SMA sequence).
According to the CPM, two active centers are deactivated for each polymer chain. Hence the number of polymer chains (n p ) is given by Relation (6). X n is proportional to the distance L a between the active centers, Relation (7):
The productivities of chromium, P Cr , (g PE per g Cr) and silica, P S , (g PE per m 2 SiO 2 ) are:
From Eqs. 
where
In Eqs. (10) (11) (12) , only the coefficients k and f are unknown. The plots of the calculated P Cr and P S (Fig. 4, middle) show the same trends as the experimental ones (Fig. 4, top) , using Hogan's 16 experimental values for Cr 0 from 0.01 to 6.0 wt. % and S = 300 m 2 g -1 SiO 2 and an arbitrary value for K of 10000.
The here derived mathematical formulas are based on the assumptions that all active centers are initially present (SAM sequence) and that the average distances between them do not change during the polymerization. These assumptions are not realistic for the experimental data 16 discussed here. Hence, computer simulations were performed using the SMA sequence of active centers and the monomer appearance on the support. The results of simulations (Fig. 4 , bottom) show similar trends as the calculated and as the experimental results.
According to experimental experience, the simplified Formulas ( (10) and (11)) and the computer simulation based on the CPM, a high chromium productivity, P Cr , is achieved at low concentrations of chromium and high surface areas of silica.
Effects of silica surface discontinuity on polymerization activity
The more separated are the Cr active centers on silica, the higher is P Cr . There is, however, a maximum distance between the Cr(II)-Cr(IV) ensembles which can be bridged by adsorbed monomer. The huge surface area of any silica particle is divided into smaller regions. These regions are separated by pore walls, dislocations and other types of surface imperfections, which make obstacles producing discontinuities in the adsorbed monomer monolayer. The monomer molecules can make a bridge only between those Cr(II) and Cr(IV) ions belonging to the same region. Such phenomena have been explained by the theory of active center ensembles proposed by Kobozev, 19 as a general theory in catalysis. This theory was modified and applied to explain Z-N polymerizations. 15, 20 An outline of this concept and its application to explain ethylene polymerization by CrO x /SiO 2 precursors will be presented here.
According to the concept of Kobozev, a critical factor is the number of active centers per one region. A schematic presentation of the Cr active centers in two regions, i.e., two pores of silica, is presented in Fig. 5 . Each region behaves as an individual "micro-reactor" containing a definite number of active centers. In a case of very high concentrations of active centers (Fig. 5a ), according to Eqs. (10) and (11) P Cr should be low while P S should be high. Decreasing the number of active centers number contributes to an increase of P Cr and a decrease of P S . According to Kobozev and the CPM, 15 there is an optimal number of active center ensembles (Fig. 5b) , contributing to the maximum of P Cr . When the number of Cr active centers is very low (Fig. 5c) , some regions become inactive because they contain only one or no active center. Hence, the CPM and the Kobozev theory predict that the values of P Cr and P S should decrease at the very low concentrations of chromium. This effect has been investigated by computer simulation 8, 13, 15 (Fig. 6, top) and predicted by a very simple calculation. 13 A sharp maximum of metal productivity (P Mt,max ) is obtained 15 if the number of active centers is 3 or 5 per surface region in the SAM sequences of one-and two-dimensional percolation processes, respectively, and if the number of Mt(IV) is equal to that of Mt(II). The value of P Mt,max depends on the size of region, i.e., the number of adsorption sites in it -the more sites, the higher is P Mt,max . Indeed, detailed experiments 1 on ethylene polymerization by the CrO x /SiO 2 system showed that the activity per chromium atom reaches a sharp maximum (P Cr,max ) near a Cr loading of 0.005 wt % (Fig. 6, bottom) , although other values have also been reported, i.e., 0.01 wt %. Sharp P Cr,max values were obtained for Cr loadings of 3 and 5 wt % in the case of propylene polymerization. 21 The same effect was noticed in other Z-N polymerization systems. 8, 13, 15 Effects of pore size of silica on the polymerization activity Silicas with small pores are always catalytically inferior and therefore the industrial silicas of choice have an average pore size diameter from 5 to above 20 nm. 22 For example, McDaniel 4 prepared the silicas that had a constant value of surface area (375 m 2 g -1 ) but with different pore volume size and distribution. It was shown that the activity of the finished catalyst increased with the pore volume. Using the data presented in Table II in Ref. 4 , Fig. 7a was prepared to illustrate that the activity decreased with increasing volume fraction of small pores. This phenomenon can not be explained by the insertion mechanism, which is generally accepted in Z-N polymerization. It is easy to explain it, however, by the CPM and the Kobozev theory. In the case of large pores, each of them contains a large number of active centers (Fig. 8a) , which contribute to ethylene polymerization. The average number of active centers per one pore, however, decreases with increasing fraction of small pores (Fig. 8b) . In the case of very small pores, some of them do not contain an Cr(II)-Cr(IV) ensemble; they are empty or contain only one type of active center, i.e., only Cr(II) or only Cr(IV) (Fig. 8c) . These pores and the Cr ions present in them do not contribute to the polymerization of ethylene. The pore walls make the silica surface discontinuous and form obstacles on the silica surface. Computer simulations of ethylene polymerization by the CPM give results (Fig. 7b) exhibiting the same trends as the experimental ones (Fig. 7a) . The simulation was performed with 250 Cr(II) ions and 250 Cr(IV) ions randomly distributed over the silica surface with 25×10 6 adsorption sites, but randomly divided into regions by an increasing number of obstacles. In real silica, some pores are isolated but some pores are randomly connected and thus unifying their surface into one region. This was also taken into consideration by the computer simulation. 
Polyethylene structure formation
The many details of the polymer structure can be predicted by the CPM. The purpose of this article, however, was not to present such details, which were introduced elsewhere. 23 Only some important issues will be discussed.
The most important structural characteristics of any polymer are the number (X n ) and mass (X w ) average degrees of polymerization and the molecular mass distribution presented as the ratio X w /X n . According to the CPM, it can be predicted that X n is proportional to the length of the percolation path L a between Cr(II) and Cr(IV) sites (Fig. 3 and Eq. (7)). The value of L a is proportional to the surface area of the support (S) and inversely proportional to the square root of surface concentration of chromium active centers, i.e., Cr(II) and Cr(IV), which depends on the chromium loading (Cr 0 ) and the fraction (f) of the activated chromium atoms (Eq. (4)). The computer simulations based on the CPM show that the degree of polymerization (X n ) has a lower value in the case of high initial concentrations of active centers (Fig. 9) . 
